Photosensitive TiO 2 gel films containing ¢-diketones and monomers with unsaturated hydrocarbons exhibit photosensitivity and can be patterned by photolithography. Photosensitive TiO 2 gel films containing dibenzoylmethane (DBM) and methacrylic acid (MA) were prepared by the solgel method. The photoreactions of the gel films under ultraviolet (UV) light were investigated by UVVis, infrared, Raman, nuclear magnetic resonance, and X-ray absorption fine structure spectroscopic measurements. UV irradiation causes the chelate rings between titanium alkoxide and DBM or MA to decompose without drastic changes in the coordination number of Ti and in TiO distances, and it causes the formation of TiOTi networks. MA is photopolymerized by radicals resulting from the decomposition of DBM. These structural changes induced by UV irradiation cause the alcohol solubility of the materials to differ, and they allow fine patterns to be formed by etching.
Introduction
Rapid prototyping (RP), which enables the quick fabrication of three-dimensional (3D) scale models from drafts produced by computer-aided design (CAD), is a growing technological field. Indeed, the application of RP spreads a very broad range in the field of engineering: RP is not only applied in mechanical engineering 1) but also in biomedical engineering. 2) , 3) There are many routes for the RP technique, but the most typical and popular one is the photopolymerization of photosensitive resins, such as unsaturated hydrocarbons or epoxide substitutes. 4),5) The usage of a well-focused laser beam to induce highly localized photopolymerization at specific positions results in very precise 3D modeling. Simple scale modeling currently is a well-developed technology.
On the other hand, many problems concerning the RP technique still remain with regard to the construction of functional structures or devices from inorganic materials. The fabrication of 3D array structures is, indeed, a very attractive issue, because inorganic materials possess many interesting properties, such as high dielectric permittivities, high refractive indices, and so on. To achieve RP of inorganic 3D structures, many processes, such as stereolithography and ink-jet printing processes, have been proposed. 6) In stereolithography, a ceramic slurry, in which an inorganic powder is dispersed in a photosensitive monomer, is polymerized by irradiation with ultraviolet (UV) or laser light; the resulting material is sintered to remove the organic polymer, 7) 10) resulting in 3D ceramic microstructures. To avoid deformation and cracking during the removal of the organic parts and to avoid shrinkage during sintering, the slurry should consist for more than 50% (by volume) of an inorganic powder. 8) Thus, using the RP technology to produce submicron-sized inorganic structures is still difficult.
A promising strategy to achieve RP of inorganic submicronsized structures is the combination of the solgel technique with photochemical reactions. The solgel technique is one of several ways to obtain nanometer-scaled particles through a chemical route, resulting in high-density inorganic films and inorganic bulk materials. For successful RP based on the solgel technique, the combination of photochemical reactions with a fundamental sol gel process has been proposed. 11)25) For instance, silicate modified with photopolymerizable organic groups can be obtained by introducing photosensitive organic groups into precursors for the solgel process, 11)14) and the usage of metal alkoxides chemically modified with ¢-diketones 15)25) is also a possibility for RP of inorganic materials. In the former, the polymerization of the organic groups is effected by a photoinitiator during irradiation with UV or laser light. In the latter, ¢-diketonato complexes exhibiting characteristic optical absorption bands in the UV range (because of ³³* transitions) 26) are involved in the photochemical reaction. The dissociation of ¢-diketonato complexes induced by light illumination causes the modification of coordination structures in the absence of a photoinitiator, resulting in a reduction of the solubility of metal alkoxides in organic solvents or acidic aqueous solutions. Such a difference in the solubilities of irradiated and unirradiated parts is considered to be the mechanism for the fabrication of patterned structures. Indeed, patterned ceramics such as ZrO 2 , 15)17) Al 2 O 3 , 16)18) Al 2 O 3 SiO 2 , 19) TiO 2 , 16),17),20)23) PZT, 24) and PLZT 25) are readily synthesized using alkoxides modified with ¢-diketones.
One of us reported that micrometer-sized patterns can be formed from hybrid gel films that contain unsaturated hydrocarbons and ¢-diketones. 20) 23) The hybrid film does not contain any photoinitiator and the addition of monomers is useful for increasing the film thickness. 22) Thus, hybrid materials containing monomers with unsaturated hydrocarbons and ¢-diketones are suitable to be used as materials for micrometer-sized 3D patterns constructed by RP. However, details of the photoreaction mechanism have not been clarified. To know the details of the photoreaction, the reaction in both organic and inorganic groups should be estimated.
In this study, we focus on photosensitive TiO 2 gel films; they have received much attention because of their chemical stabilities and high dielectric constants. 13),16),17),20)23) Photosensitive TiO 2 gel films containing ¢-diketones and unsaturated hydrocarbons were prepared by the solgel method. The photoreactions in these films, under UV illumination, were investigated by means of optical characterization and nuclear magnetic resonance (NMR) spectroscopy to estimate the reaction of the organic groups, and by X-ray absorption fine structure (XAFS) spectroscopy to determine the coordination number of the metal alkoxide.
Experimental methods 2.1 Sample preparation
Photosensitive TiO 2 gel films were prepared by the solgel method. 20) Titanium tetra-n-butoxide [Ti(OnBu) 4 , Soekawa Chemical Co., Ltd., Tokyo] was treated with dibenzoylmethane (DBM, Wako Pure Chemical Ind., Ltd., Osaka) and methacrylic acid (MA, Wako Pure Chemical Ind., Ltd., Osaka) in 2-ethoxyethanol (Wako Pure Chemical Ind., Ltd., Osaka). The molar ratio Ti(OnBu) 4 Three different kinds of samples were prepared for each characterization technique. For optical characterization, sol films were spin-coated at 3000 rpm for 30 s on a glass or silicon substrate. For XAFS measurements, the sol was coated on 0.2¯m thick polypropylene films to decrease the absorption of X-rays by the substrate. The remaining sol was cast in Petri dishes to obtain powder samples for measurements of NMR. The coated film and cast sol were baked at 80°C for 10 min. After baking, the films and sols were irradiated with a UV lamp (San-ei Electric, SUPERCURE-204S, Osaka) with an irradiance of 190 mW/cm 2 to induce photoreactivity.
Optical characterization by UVVis, FT-IR, and Raman spectroscopy was performed before and after UV irradiation, using a UVVis spectrometer (Shimadzu Co., Solid Spec-3700, Kyoto), an FT-IR spectrometer (PerkinElmer Japan Co., Ltd., SPECTRUM GX 2000R, Yokohama), and a Raman spectrometer (Photon Design Co., PDPX, Tokyo), respectively.
XAFS measurements
XAFS spectra [X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)] of the TiO 2 gel films were recorded at the BL-9A facility of the Photon Factory at the High Energy Accelerator Research Organization, Tsukuba, Japan. The X-ray radiation from the 2.5 GeV electron storage ring was monochromated using a Si(111) double crystal monochromator. We measured Ti K-edge absorption spectra in transmission mode at room temperature. Several kinds of Ticontaining oxides were selected as reference samples: anatase, 5 ] pyramidal coordination (CN = 5). To obtain reference samples, these oxide powders were diluted by mixing with BN (Kojyundo Chem. Lab., Saitama) and they were pelletized by pressing. To obtain a sufficiently high absorption of X-rays, many TiO 2 gel films were stacked and packed for XAFS measurements.
We used two different measurement modes. First, the gel films were measured by quick-scanning EXAFS (QEXAFS), 27) , 28) in which XAFS spectra were recorded at 61 s intervals to see the time evolution of the XAFS spectra. Such QEXAFS measurements were performed for a total of 30 min for each sample. Subsequently, wide-range EXAFS spectra of the gel films and references were measured at energies of 4459.56064.65 eV. The background was subtracted by fitting the spectral pre-edge region (4864.54944.5 eV). The spectra were then normalized for atomic absorption based on the average absorption coefficient of the spectral post-edge region (5224.55764.5 eV).
NMR measurements
All solid-state NMR experiments were carried out at 6.9 T (74.18 MHz for 13 C) using an ECA-300 NMR spectrometer and a 4.0 mm CP-MAS probe (JEOL, Tokyo); powder samples were used for these measurements. All samples were spun at a frequency of 14.0 kHz at 298 K. At this spinning rate, the temperature in the sample rotor was 324 K, as calibrated with 207 Pb NMR signals from Pb(NO 3 ) 2 . 29) 13 C chemical shifts were calibrated in ppm relative to tetramethylsilane, using the 13 C chemical shift for the methane 13 C of solid adamantine (29.5 ppm) as an external reference. For 13 C 1D spectra, the variable-amplitude crosspolarization 30) and Oldfield echo 31) sequences were used to excite the 13 C magnetization. In all 13 C NMR experiments, 13 C signals were detected under 1 H decoupling with the two-pulse phasemodulation technique, 32) using a 1 H decoupling frequency of 120 kHz. Figure 1 shows UVVis optical absorption spectra of the films prepared with MA (denoted by "MA films"). Films on glass substrate were used for these measurements. The peak at µ 400 nm is assigned to the ³³* transition of the ¢-diketonato chelate ring. 26) According to the reaction scheme proposed by Tohge et al, 25) the presence of the peak at µ 400 nm can be explained ð1Þ:
Results
The intensity of the peak at µ 400 nm gradually decreases with UV irradiation time, and the peak almost disappears after irradiation for 30 min. This indicates that the chelate rings dissociate under UV irradiation. The spectra of the films without MA (denoted by "MA-free films") have peaks at around 400 nm that also decrease with UV irradiation time. To see this timedependent change, the inverse of the absorption (normalized by film thickness) is plotted against the irradiation time in Fig. 2 . The relationship in the first 10 min is nearly linear, indicating that the reaction is second-order at the initial stage. The slope of the plot for the MA film, corresponding to the rate of decomposition of the chelate rings, is larger than that of the MA-free film. The absorbance of the MA-free film is almost constant after 30 min, and the decomposition of chelate rings stops after about 30 min. However, the decomposition of the MA film still continues after 60 min.
The results of QEXAFS measurements (spectra were recorded at 61 s intervals for 30 min) indicate that XANES spectra of the films do not change upon exposure to synchrotron X-ray radiation. Therefore, we can use the full-range XANES profile, which was obtained using a sufficiently long integration time and thus has a relatively high signal-to-noise ratio. Figure 3 shows XANES Ti K-edge spectra at the lower absorption edge (preedge) of the MA film and the MA-free film before UV irradiation. Here, spectra for Ti reference compounds with CNs of 5 or 6 are also shown. The intensities and energies of pre-edge spectra are known to depend on the coordination environment around Ti, 33) and each spectrum depends on the nature of the chemical compound. The profiles of the spectra of the MA film and the MAfree film are similar, although the reason for the similarity of the spectra of the MA film and the MA-free film is not clear at this stage. Considering of the local structures of Ti, the XANES data is suggested that Ti atoms are coordinated by 5 or 6 oxygen atoms and the structures between Ti and O are not sensitive whether the oxygens are contained in MA or DBM. The spectra of the MA film and the MA-free film appear to be similar to those of FeTiO 3 (CN = 6), 34) Na 2 Ti 3 O 7 (CN = 5), and K 2 Ti 4 O 9 (CN = 5). In addition, Fig. 4 shows that UV irradiation does not induce any obvious changes in the XANES spectra of the MA film (the MA-free film behaves similarly). To compare the intensities, the absorption spectra of FeTiO 3 (CN = 6) and Na 2 Ti 3 O 7 (CN = 5) are also shown. The spectra of the MA film are more similar to that of FeTiO 3 than to that of Na 2 Ti 3 O 7 . This suggests that the Ti local structure is similar to that of FeTiO 3 .
In order to obtain more detailed insights, the radial structure function (RSF) was calculated from the EXAFS spectra of the MA film before and after UV irradiation, as shown in Fig. 5 .
Here, the RSF profile of FeTiO 3 is shown as a reference. Again, the RSF profile does not change upon UV irradiation. The first peak is assigned to the TiO shell distance; this distance is similar in all spectra. Further numerical analyses of EXAFS spectra were performed using the DebyeWaller factor for FeTiO 3 . The spectra were fitted using the program FEFF 35) to obtain the TiO shell distances and CNs of Ti (Table 1) in the TiO 2 gel films. The Ti O distances slightly increase and the CNs slightly decrease upon UV irradiation, but the changes are very small. On the basis of analyses of XAFS profiles, we could not find any obvious change in the local atomic arrangement around Ti upon UV irradiation of both the MA film and the MA-free film. Figures 6 and 7 show FT-IR and Raman spectra, respectively, of the MA film. Here, the time evolution of the spectra during UV irradiation is shown. The spectra of the MA-free film are very similar to those of the MA film, although the spectra of the MAfree film are not shown here. The changes in the optical spectra during UV irradiation help us understand the photoreactions in Journal of the Ceramic Society of Japan 123 [9] 793-799 2015 JCS-Japan the films. The peak at around 1600 cm ¹1 is assigned to stretching of C=C bonds in the phenyl rings of DBM, and bands at 1580 1500 cm ¹1 in the FT-IR spectra and a sharp peak at around 1500 cm ¹1 in the Raman spectra are assigned to C=O stretching. C=O stretching peaks generally appear at around 1700 cm ¹1 ; however, in chelate rings, the C=O stretching peaks can shift to lower wavenumbers. 36) These peaks decrease in intensity with UV irradiation time. The bands at 14001250 cm ¹1 are assigned to CO Ti stretching, 37) and they decrease in intensity during UV irradiation. In particular, the sharp Raman peak at around 1320 cm ¹1 disappears after UV irradiation for 60 min. This suggests that COTi bonds break during UV irradiation. The FT-IR band at around 1420 cm ¹1 is assigned to a CH group neighboring a C=O 25) group, and this band increases in intensity during UV irradiation. This means that the chelate ring decomposes under the influence of UV irradiation to generate DBM. In the Raman spectra, two peaks at around 1190 and 1180 cm ¹1 change as a function of the UV irradiation time. These peaks might be related to CO stretching in the enol tautomer of DBM. 38) The chelate structure between Ti and DBM changes because of the UV irradiation, and the enol tautomer of DBM remains in both films after UV irradiation for 60 min. The peaks at 1034 and 1084 cm ¹1 are assigned to CO vibrations of bridging and terminal ligands in Ti(OnBu) 4 . 39) These peaks suggest that TiOBu bonds are present in the gel films before UV irradiation. The peaks slightly decrease during UV irradiation and they disappear after 60 min of UV irradiation. An OH band (36002800 cm ¹1 ) was not observed in these spectra, which means that OH is not present in significant amounts in these films. Figure 8 shows NMR spectra measured by (a) Oldfield echo and (b) 13 C/ 1 H CP-MAS methods, and the assignments of carbon atoms in the molecules are given in Fig. 8(c) . In CP-MAS spectra, signals from C atoms that exist near to protons can appear. To assign the 13 C signals, their chemical shifts were compared with the chemical shifts of DBM, MA, and benzaldehyde in solution. 40) In these spectra, the peaks in the region 120140 ppm are assigned to phenyl carbons of DBM. For both the MA sample and the MA-free sample, these peaks shift downfield during UV irradiation. This shows that DBM may dissociate from Ti in both samples. The peak at around 96 ppm is assigned to the methylene group located between the two ketone moieties of DBM, and it decreases in intensity in the MA sample during UV irradiation. Narrow peaks around 132138 ppm and a small peak at around 195 ppm, which appear only in the MA sample during UV irradiation, are assigned to phenyl groups and COH groups, respectively, of benzaldehyde. These peaks, assigned to DBM and benzaldehyde, suggest that DBM decomposes at the methylene group. For the MA sample in Figs. 8(a) and 8(b), the peaks at around 130 ppm sharpen, which means that the molecular motion in the MA sample increases during UV irradiation. This increased motion may be caused by the growth of a TiOTi network. A sharp peak at 20 ppm is assigned to the methyl group of MA. This peak increases in intensity during UV irradiation, which means that the C=C groups of MA undergo photopolymerization during UV irradiation. A sharp peak at around 28 ppm in the MA sample after UV irradiation is assigned to a methylene group in polymerized methylene. In Fig. 8(b) , a peak at around 28 ppm is not found, because the molecular motion is probably too large to be detected. A peak at around 45 ppm is assigned to quaternary carbons formed by the polymerization of MA. In Fig. 8(a) , this peak is not observed, because the relaxation time of quaternary carbons is probably longer than those of other carbons; the measurement time may not have been long enough to detect the signal from quaternary carbons. The abovementioned diagnostic NMR signals in the MA sample during and after UV irradiation indicate the polymerization of MA and the formation of a TiO Ti network because of UV irradiation. The peak at around 175 ppm is assigned to a C=O group of MA; this peak hardly changes during UV irradiation. This indicates that the carbonyl groups of MA are not significantly changed by the polymerization. The small peaks at around 17 ppm are assigned to the terminal methyl groups of Ti(OnBu) 4 or BuOH; these peaks appear in all spectra. This suggests that the butoxy groups remain in the films during UV irradiation.
Discussion
The XAFS measurements show that the CN of Ti is almost 6 and that the CN hardly depends on the UV irradiation time or on the presence of MA. This means that the local structure around Ti hardly changes during UV irradiation. However, UVVis spectra reveal that the chelate ring between the Ti alkoxide and DBM decomposes because of UV irradiation and that the chelate disappears after 30 min of UV exposure. In the following sections, we discuss the photoreactions of the photosensitive gel films with and without MA.
MA-free film
In the case of the MA-free film, before the addition of water, the chelate shown in Eq. (1) is a dimeric compound composed of two Ti(OnBu) 4 and two DBM molecules, as shown in Fig. 9(a) . 41) After the addition of water, the bridged OnBu groups may partially hydrolyze to OH groups, or H 2 O molecules may coordinate to Ti. The OH groups or water molecules were removed by drying at 80°C. As shown in Fig. 9(b) , the film is composed of dimers, 42) because an OH band was not observed in the FT-IR spectra.
The UVVis spectra show that, when the sample is irradiated with UV light, the chelate ring absorbs the UV light and decomposes, as shown in Fig. 9(c) . The free DBM and Ti compounds can react with water molecules in the film or in the air. OH groups in the Ti chelate compound can react with other chelate compounds, as shown in Fig. 9(d) . Free DBM molecules exist as enol and keto tautomers [Figs. 9(d) and 9(e)], although the enol form is more stable than the keto form. 43) During UV irradiation, a TiOTi network will grow through repetition of these reactions. Thus, the irradiated regions do not dissolve in alcohol because of the formation of TiOTi networks, resulting in the formation of patterns.
MA film
MA is known to act as a ligand. 41) Thus, before the addition of water, one Ti(OnBu) 4 molecule reacts with one DBM and one MA molecule as shown in Fig. 10(a) . After the addition of water, an OnBu group is hydrolyzed to an OH group, and it binds to other chelate compounds 42) as shown in Fig. 10(b) . Considering the NMR results that suggested the existence of OBu, we suppose that MA is partially reacted to Ti(OnBu) 4 molecule and partially existed sole.
When the sample is irradiated with UV light, the chelate decomposes and DBM is formed, as drawn in blue in Fig. 10(c) . Ti reacts with H 2 O or OnBu in the same manner as the MA-free film. As a result, a TiOTi network is formed [ Fig. 10(d) ]. At the same time, uncoordinated DBM molecules are excited by UV irradiation and form radicals, as drawn in blue in Fig. 10(d) . The radials initiate the photopolymerization of C=C bonds of MA to form CC networks, as shown in Fig. 10(e) . Some radicals produce aldehyde groups, which were detected by NMR spectroscopy, although some DBM remains intact. The decomposition of the chelate compounds of DBM and Ti is somewhat faster than that in the MA-free film, because decomposed DBM is used for the formation of radicals and because other decomposition 
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processes are going on. Because of the formation of CC and TiOTi networks, the solubility of the irradiated parts decreases and patterns can be formed. However, C=C bonds of neighboring MA molecules may not be close to each other, because the MA chain is short and because the Ti chelate compounds are obstacles. Thus, the MA polymer may be short, as shown in Fig. 10(e) .
In the MA-free film, the formation of a TiOTi network influences the alcohol solubility more than C=C polymerization does, taking into consideration that the photosensitivities of the MA film and the MA-free film are similar. However, the monomers may play a role in controlling the viscosity of the gel films. When a high-viscosity monomer such as cinnamic acid will be used instead of MA, the film thickness may increase and the photosensitive gels may be easily polymerized, so that they can be applied in the new RP technique.
Conclusions
The photoreactions of photosensitive TiO 2 gel films containing DBM and MA were investigated. In the films, Ti atoms are coordinated by six atoms, and chelates form by the reaction of a Ti alkoxide with DBM or MA. The chelate compounds decompose under the influence of UV irradiation, although the local structure of Ti is hardly affected. On the other hand, the C=C bonds in MA are polymerized by DBM radicals formed by UV irradiation. Because of the photoreactions, the alcohol solubility of irradiated regions is lower than that of unirradiated areas, allowing patterns to be formed by UV irradiation and chemical etching. The formation of radicals from a ¢-diketone by UV irradiation is useful for the polymerization of monomers in films without photoinitiators. Thus, hybrid materials with ¢-diketones and monomers can be applied for the construction of micrometer-sized 3D patterns using the RP technique.
